SINCE the 1950's automatic analysis has found increasing applications in industrial process control where both offiine and online analysers have had considerable success. The rapid developments made in electronics, and subsequently computers, has enabled automation to be extended to the laboratory situation. Automatic methods of analysis, be they on commercial instruments or apparatus constructed internally, have thus become firmly established as common-place features of many analytical laboratories. This is particularly true of the clinical laboratory where, since the introduction of continuous flow analysis by Skeggs in 1957 [1] , automatic analysers have eased the considerable bottle necks caused by the increased requirements of health care. However, for industrial applications automation is very much in an embryonic state. This is attributable to the complexity of the sample matrix. In clinical chemistry the samples are predictable being blood and urine for the most part which are fairly similar in composition. In process control situations the compositional variation between samples is normally slight and for the most part predictable. There is therefore an established market, both actual and potential, for automation in these two areas. For many industrial applications the sample matrix differs widely both within a single industry and even more so from one to another. Matrix problems often negate the simple transfer of say a clinical methodology into the industrial environment. As such, the majority of applications of automation in this sector of the industry relate specifically to the application of computer data processing, more recently with the emphasis on microprocessor based electronics, or to the simple mechanisation of a single aspect of the automatic regime; for example, an automatic syringe sampler for injection on to a gas chromatographic column.
Technological progress, in terms of equipment design and increased range of applicability, has been impressive. The techniques of discrete sample automatic analysis and of airsegmented continuous flow (the Technicon approach ]) which have formed the basis of the vast majority of automated analytical systems have been augmented in recent years by centrifugal analysers (GeMSAEC [2] ) and flow injection analysers [3] . Whilst at first sight the situation seems healthy it is fairly clear that the recent rapid advances have served to highlight significant problems which were only partially appreciated if at all in the early stages.
Automated equipment like any instruments must be justified in economic terms. Basically by increased efficiency of the laboratory operation or increased capacity and throughput of samples but more specifically by cost effectiveness. The principal concern of senior management is to ensure that these criteria are met. However, rather little constructive thought has been given to an equally important consequence, that automation, particularly on the large scale, brings about a fundamental change in the role of the analytical chemist. In manual analysis, the analytical chemist has control of the entire procedure and this personal association does much to generate a pride in the quality of the work as well as confidence in the results. When the same analytical chemist is operating an automatic analyser his role when the equipment is functioning properly, is apparently limited to loading the samples and *Paper originally presented in the symposium Automation Comes of Age at the Pittsburgh Conference, Cleveland, 1978. reading the results from a printer or similar data processor.
Deans [4] points out that the analyst has often failed to accept automation because he feels that his job has been downgraded. It is now clearly recognised that the analytical chemist's role remains a vital one; as the need for his manipulative skills declines when automation is introduced, so his detailed chemical knowledge and judgement assume greater importance. He is best fitted to the task of defining the precise specification of an automatic instrument intended to replace a manual procedure of which he is familiar. In a similar vein management must re-examine its approach to the training of staff and the organisation of their laboratory to work in more automated surroundings.
The success and vitality of an analytical laboratory extensively committed to automated procedures depends on resolving problems of the above nature as well as those more directly connected with technique, instrumentation and quality of results. Quality and relevance of results are critical criteria for a high-throughput automated analytical laboratory and they can only be guaranteed by a close and continuing rapport between the analytical chemist who fully understands the procedures being used to produce the results and the customer who must be able to interpret them in the light of his requirements.
Little effort has indeed been made in these areas but perhaps more surprising is the limited effort made to solve the fundamental problem involved in automating an analysis.
Here the real problem of handling samples has been avoided and the main thrust been made on measurement and data processing. This is accentuated because of a complete lack of definition of automatic analysis.
What is automatic analysis?
'Automatic Analysis'is well established as a subject area but less well defined in terms of what that area embraces. The International Union of Pure and Applied Chemistry (IUPAC) has sought, through its Commission on Analytical Nomenclature, to offer rigorous definitions and to provide a common international terminology. Thus, automation is defined as 'the use of combinations of mechanical and instrumental devices to replace, refine, extend or supplement human effort and facilities in the performance of a given process, in which at least one major operation is controlled without human intervention, by a feed-back mechanism' and mechanization is 'the use of mechanical devices to replace, refine, extend or supplement human effort'. The distinction between the two terms is clear.
IUPAC recommend that 'automation' be reserved for those systems involving feed-back loops. This is logically sound, but like many other definitions which have followed the growth of a subject it is likely to take some years before the distinction is adopted in common usage. The motivation for research and development in automation and/or mechanization was largely two-fold, to improve the cost-effectiveness in discharging large analytical workloads, especially those of a repetitive nature, and to improve method performance, notably precision, in these circumstances. The term 'automation' has been commonly used to In planning the introduction of automation into an analytical laboratory it is important not only to consider all stages of the analysis but the wider context within which the laboratory serves the organization of which it is part. In this way critical considerations can be highlighted and priorities identified. These could include the need to collate results of multiparameter analyses before reporting or, in clinical analysis, the preservation of sample-patient identification.
Research into automation of analytical techniques is prompted by the need to produce cost-effective solutions to an ever-increasing demand for chemical analysis. The analytical chemist plays an essential role in providing basic and control information in the chemical and manufacturing industries, and the increasing degree of. legislative control serves to emphasise this function; for example in the United States it is necessary to label all foods with their vitamin content. There is growing concern for the quality of the environment, both in general and in the work place, and this has also increased the demands on the analytical chemist. Ultimately the public bears the cost of much of this analysis and it is therefore important to provide facilities for economic and efficient discharge of the requirements while maintaining the quality of the measurements made. Automation and mechanization are clearly consistent with these principles and in order to satisfy the demand adequate techniques for sample handling, measuring and reporting of results must be devised.
There is little published by way of performance data of routine automatic instruments, even in the clinical areas it has often been difficult to obtain proper inter-laboratory assessments of instrument performance, and the rate of development of 'new' instruments far exceeds the accumulation of meaningful performance characteristics on existing ones. To some extent this situation arises because there is no single international committee or organisation co-ordinating efforts in this area, which is perhaps not surprising in view of the breadth of the subject area.
The circumstances under which an instrument is operated are also extremely varied. In the extreme case it may be used by Flow injection analysis [3] has lately received renewed attention. It is a very simple modification of continuous flow analysis which utilises rapid injection of an aqueous sample, either through a syringe, septum or a sample loop, into a continuously moving stream of a reagent. The simplicity is illustrated by Figure 1 , a schematic diagram for ananalysis using an ion selective electrode. The injected sample forms a zone which is transported towards a sensor which continuously records the change in analyte concentrations, using, for example, absorbance or electrode potential. As the sampling time is short the sampling rate can be high, but the major advantage is in speed of response to an analytical change which therefore makes the flow injection principle suitable for process control. In contrast to conventional AutoAnalyser methodology air segmenting is not required. The approach has been exploited by Ruzicka and co-workers, [3, 6] and its advantages and limitations are described by Stewart et al [7] .
Simple reactions may be transferred directly from a manual into a flow injection procedure and the incorporation of separation procedures such as solvent extraction has recently been reported [8] .
Discrete methods retain the sample as an entity and cross contamination is effectively eliminated, the fate of a sample at any time is known and it is difficult to confuse one sample with another. In a continuous system many samples are often being processed at any one time and although there is usually no difficulty in assigning sample identity, indeed Total system approach to laboratory automation The total systems approach is the one which has evolved over the last few years at the Laboratory of the Government Chemist. A multidisciplinary team is required to design and develop automatic systems but it must be emphasised that an appreciation and understanding of the analytical chemistry involved is of paramount importance. Figure 2 shows the structure of the automation team at the Laboratory of the Government Chemist and attempts to highlight the individual group functions. It is not, of course, obligatory that all such functions are undertaken inhouse, but automation is a systems problem. Almost all the projects that are considered for automation rely heavily on a close cooperation of specialists in the various groups as well as the analysts involved. A successful automatic analyser is often achieved through a blend of analysis, electronic control and data processing and this necessitates a working expertise in each discipline.
The reasons for setting up a specific group internally are shown schematically in By 1970 the problems relating to automatic gas chromatograph had been identified and a system devised by Stockwell and Sawyer [9] , which included a sample preparation system based on continuous flow principles, was interfaced to an analytical gas chromatograph. The instrument described specifically analysed a range of tinctures and essences for their ethanol content but the applicability of this type of system is restricted only by the ability of continuous flow principles to cope with the materials being analysed. It was only recently that the demands of sample preparation and the time taken were recognised and a complete analytical system designed for the analysis of vitamin tablets using similar principles to that described for gas chromatography was designed and developed by Burns [10] .
The total systems approach attempts to view the complete analytical problem from sampling through to . In other situations, such as the tar and nicotine analyses of cigarettes available in the UK, the complete function of sampling, analyses and reporting have been automated. The object of the survey carried out on behalf of the Department of Health and Social Security is to provide a league table ranking the brands of cigarettes available in the UK market in a tar and nicotine context order. Cigarettes are smoked on a 20-chanel smoking machine, the tar produced for each brand is measured, the water and nicotine (as total nicotine alkaloids) contents of the tar are then determined, and these values subtracted from the tar value to provide a dry tar figure which is then the basic ranking parameter used. The analytical procedures involve automatic moisture determinations, in addition the automatic recording of the puff count (a quality controlling parameter) and the automatic recording of the carbon monoxide level of each of the cigarettes are integrated into an overall plan for automation. How these analytical procedures are linked into the data handling and reporting software is illustrated in Figure 3 . Several stages of reporting are required and the computer is involved throughout the analytical procedure. In the initial stages it is important to randomise the cigarettes between the day of analysis and the individual channel to which they are smoked so that the computer prepares a smoking programme which prompts the analyst to load up the machine in the correct order and this order is in fact used throughout the analytical processes to locate any particular sample within any particular run. In this manner it is possible to avoid any complicated sample identification procedures.
The analytical processes have not been restricted by any one technique for in this particular application continuous flow principles have been utilised for the determination of total alkaloids, the discrete approach for the analysis of water by gas chromatography and online analysis principles for the determination of carbon monoxide in cigarette smoke. In this requirement the automation group has been involved from the outset. This overcomes many of the problems experienced when attempting to automate analytical methods which have been used in a manual regime for a number of years. In these cases it is often difficult to discern the true analytical requirement from the accepted manual approach. The basic experience of an automation group in the skills of analytical chemistry and its understanding of the aims and objectives of the laboratory itself are invaluable. This understanding would be lost by contracting the automation project outside the organisation either to a commercial instrument company or a consulting laboratory. In some situations this close understanding and the ability to involve the users to define the precise analytical needs has avoided the mechanization of a single manual procedure which involved complicated solvent extraction procedures. These are difficult to automate. Instead the concept .of hybrid chromatographic analysis has been evolved. Stockwell and Lidzey [12] have described the coupling of a simple gas chromatography separation to a specific colorimetric reaction specifically to identify and measure furfuraldehyde in a gas oil sample. The resultant chromatogram for samples having furfuraldehyde present shows a single peak at a specific retention time in marked contrast to a conventional flame ionisation detector response of a similar sample. Figure 4 shows the simple chromatogram produced for a range of standard samples of marked oils, a single peak is obtained for each sample containing furfuraldehyde.
Automated individual analysis in wet chemistry
In contrast to the total systems approach, the approach described by Arndt and Werder [5] This approach represents a significant advance on the philosophy adopted by instrument manufacturers; once the credibility of the approach has been proved in industrial laboratories it will be interesting to see how far it will merge with the total systems philosophy and attempt to solve problems directly rather than mimic manual procedures.
Conclusions
Over the last few years a considerable number of studies have been made in developing new automatic instruments and these, coupled to the effective implementation of computer power, particularly microprocessors, predict a healthy future. Seemingly, almost any analytical problem can be [13] of the Infra-Alzyer technique to analyse samples of grain for oil, moisture and protein, whilst slow to develop commercially, has many potential applications, such as tobacco analysis.
Malmstadt and co-workers [14] are actively working in this latter area, and the introduction of the vitamin assay system by Burns 10] shows that commercial interest is also alive in this aspect. Two other facets must, however, be considered in this respect. On the one hand a limitation of the automation approach may be caused by insufficient knowledge of the chemistry involved in any process. Roy and co-workers [15] have considered this aspect in some detail for the analysis of vitamins. Accepted manual methods often do not correlate well with automatic analysis primarily because the operating conditions employed in a manual analysis lack the control of the automatic systems. The other significant problem is that components used in commercial instruments or which are readily available are not sufficiently inert to handle corrosive materials often required for an automated procedure. In the automated digestion system described by Jackson et al [ 16] , where concentrated nitric and sulphuric acid are used to destroy the organic matrix of foodstuffs prior to trace metal analysis several components had to be re-designed and developed inhouse [17] [18] [19] . In addition, a unique displacement pumping arrangement was devised to introduce a slurry of partially digested food quantitatively into the spinning digestor helix. As with the work of Roy 15] with vitamins an in depth appreciation of the reactions involved was also essential to complete the programme of work and to obtain meaningful results. This paper has centred on the problems of automation in the area of industrial analytical chemistry, however, it is clear that whilst being a multidisciplinary subject, automatic chemistry also transcends disciplinary boundaries. There seems considerable merit therefore in the cross fertilisation of ideas and concepts between the clinical chemists, the process control chemist and the industrial chemist. Such transfer of ideas and evolvement of an acceptable philosophy can on!y be of benefit to all concerned, and will assist the development of unified philosophies of automatic analysis.
need for a device that can either operate as a precise dispenser/diluter of discrete quantities of solution or can be used to pipet automatically both a sample solution and a reagent and efficiently mix them as the sample-reagent solution is rapidly and efficiently mix them as the sample-reagent solution is rapidly delivered into a measurement cell. Although there are commercial systems on the market, none have the combination of high-speed refill/delivery/mixing, modest cost, and automated features that we require. Consequently, we have developed a portable stand-alone unit that refills, delivers and mixes solutions in ways quite similar to some stopped-flow instruments. Experience with this type of automated unit for more than one year has provided ample data to demonstrate its general utility and reliability for the analytical laboratory. Therefore, we present here the details of the unit, which constructed primarily from commercially-available parts, and also some test results to indicate its performance characteristics. 
Instrumentation
The design of the dual pipetter/mixer or dispenser/diluter is based on the principles illustrated in Figure 1 . Pneumaticallyoperated syringes together with pneumatically-actuated, 3-way KEL-F valves enable the syringes to be filled and the solutions to be delivered by electronic control.signals, and an X-Y mixer in the delivery channel to the measurement cell provides the mixing of the two solutions.
The completely assembled unit is shown in Figure 2 , and the partially-assembled unit showing the framework for mounting the syringes and valves and drive system is shown in Figure 3 .
An exploded view of the unit illustrating the interconnections of each of the components is shown in Figure 4 with the components that were used in the construction listed in Table 1 .
More detailed description follows.
Dual, 3-way valves Two commercially available, 3-way valves were used in the unit to provide for automatic control of the solution flow. Both 3-way valves contain an inlet connection to the solution reservoir, a syringe port in which the desired syringe assembly is mounted, and an outlet port for the solution to be delivered from the syringes. A KEL-F slider is pneumatically positioned in each valve to interconnect the desired ports. These valves have an Volume No. October 1978 
